Electron holography study on magnetic domain structures of nanocrystalline magnetic materials was overviewed mainly based on the experimental results recently obtained by the author and his colleagues. Electron holography system which was established by modifying a conventional analytical electron microscope, i.e., introducing a biprism and a special pole piece for magnetic domain observation shows the resolution of several nanometers under the magnetic field less than 1600 A/m at the specimen position. With this system, firstly magnetic domain structures of nanocrystalline soft magnetic materials Fe-Cu-Nb-Si-B with various heat treatments are clarified. Furthermore, by introducing the residual magnetic field of the objective lens in the thin film plane, magnetization process of the soft magnetic materials is observed. On the other hand, in nano-granular films Co-Zr-O, the dependence of both microstructures and magnetic domain structures on the composition is clarified in detail. It is found that the strength of the magnetic anisotropy field in the film directly depends on the magnetization distribution clarified by electron holography. Finally, in the nanocomposite magnets Nd-Fe-B, the detailed distribution of lines of magnetic flux at a nanometer scale is visualized. It is found that the distribution of lines of magnetic flux observed is directly related to the magnetic properties, such as coercivity and remanence. These results clearly demonstrate the usefulness and the potential of electron holography for the analysis of detailed magnetic domain structures of advanced magnetic materials such as nanocrystalline magnetic materials.
Introduction
Recently, various advanced magnetic materials consisting of nanocrystalline phases have been developed. In the soft magnetic materials, Fe-Cu-Nb-Si-B 1) and Fe-M-B (M = Zr, Hf, Nb) 2, 3) being called ''Finemet'' and ''Nanoperm'' respectively, it was reported that the best soft magnetic properties were obtained under condition where the amorphous phase and a nanocrystalline metal phase were mixed. Also, in the nano-granular films such Co-Al-O 4) and Co-Zr-O 5) where the nanocrystalline metallic phase was in the amorphous oxide matrix, good magnetic properties for high frequency soft magnetic materials have been obtained. On the other hand, in the hard magnetic materials, the so-called nanocomposite magnets, 6) where the hard magnetic phase with strong anisotropy field and the soft magnetic phase with high saturation magnetization were mixed in nanometer scale, have recently developed intensively. Although the magnetic properties of nanocomposite magnets, such as the maximum energy product have not been found to be better than sintered Nd 2 Fe 14 B, 7) the low cost with a small amount of the rare earth element (Nd) is expected. In order to understand the magnetic properties of these advanced magnetic materials, it is necessary to make clear magnetic domain structures at nanometer scale. Although the magnetic domain structures have been observed with Lorentz microscopy, detailed magnetization distribution has not been fully understood yet.
Among various electron microscopy techniques, electron holography provides a unique method for detecting the phase shift of the electron wave due to the magnetic field and electric field. 8, 9) Through electron holography, the lines of magnetic flux projected along the incident electron beam were directly visualized. Actually, the present author and his colleagues developed an electron holography system and applied it to the domain structure analysis of the magnetic materials mentioned above. Here, in addition to the experimental procedure and principles of electron holography, the overview of electron holography study recently performed on the nanocrystalline magnetic materials is presented.
Experimental Procedure
Electron holography experiment was carried out with a JEM-3000F transmission electron microscope installed with a field emission gun and a biprism. An advantage of electron holography is that the phase information of the incident electrons, which is affected by the electric and magnetic field both inside and outside a specimen, can be visualized in the reconstructed phase image. 8, 9) However, since a strong magnetic field due to the objective lens is applied to the specimen in a conventional transmission electron microscope, the magnetic domain structure is modified in most of the magnetic materials. To overcome the difficulty, special objective lenses for magnetic domain observation have been developed. 10, 11) In this study, the magnetic field of the objective lens at the specimen position is about 1600 A/m, while a strong magnetic field to magnify images is produced below the specimen position (see Fig. 1 ).
11) Under this experimental condition, the interference fringes with a spacing of a few nanometers were obtained, depending on the voltage of the biprism. When the objective lens is switched off, the magnetic field is reduced. 12) In this experiment, the magnetic field at the specimen position with the objective lens being off was estimated to be around 160 A/m.
11) The specimen preparation procedures were reported in the previous papers for Fe-Cu-Nb-Si-B, 1) CoZr-O 5) and Nd-Fe-B(-Cr).
13)

Principles of Electron Holography
Here, the principles of electron holography on the basis of the digital data analysis are presented. Electron holography is carried out through the two-step imaging process. In the first step, a hologram is formed with a biprism by which an object wave passing through a specimen interferes with a reference wave passing through the vacuum. In the second step, the phase shift of the electron is extracted from the hologram by using the Fourier transform. Figure 2 (a) shows a geometrical configuration for forming a hologram in an electron microscope. An electron beam emitted from a field-emission tip is accelerated and then collimated to illuminate an object through a condenser lens system. An object is located in one half of the object plane being illuminated with a collimated electron beam. Assuming that the object is illuminated by a plane wave of a unit amplitude having a wave vector parallel to the optical axis, the change of the scattering amplitude of the plane wave due to the object is, in general, described as qðr rÞ ¼ Aðr rÞ expðiðr rÞÞ ð1Þ
where Aðr rÞ and ðr rÞ are real functions and describe the amplitude change and the phase shift due to the object, respectively. Since specimens are usually thin films, in most cases the vectorr r is confined in the film plane. Thus, we can get the phase shift and the amplitude change in the reconstructed image as digital data. In the following, the intensity of the reconstructed phase image I ph ðr rÞ is represented by cosine function, i.e.,
I ph ðr rÞ ¼ cosððr rÞÞ ð6Þ
If it is necessary, the amplification of the phase can be done by multiplying the phase ðr rÞ by an integer n. It is noted that the radius of the region (sideband) selected is usually set to be ð1=3Þ h À Á . Thus the resolution expected in the reconstructed phase image is about several nanometers. Now we consider the phase shift due to the magnetic field. When the film is uniform in thickness as shown in Fig. 2(b) , ðr rÞ is mainly produced by the vector potential as given by
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Here, we evaluate the phase difference of the electron wave at C and D due to the magnetic flux inside the specimen, where the electron wave has the same phase at A and B. The phase difference between C and D is given by 
From the definition of the vector potential,
and using Stokes' theorem, the following relation is obtained
Thus, we find
Here, È is the magnetic flux going through and being normal to the area ABDC. If the phase difference betweenr r C andr r D is 2,
then,
This is just twice the flux quantum h 2e À Á .
Analysis of Nanocrystalline Soft Magnetic Materials
Fe-Cu-Nb-Si-B
Here, we present the analysis of domain structure of soft magnetic materials Fe 73:5 Cu 1 Nb 3 Si 13:5 B 9 .
14) The magnetic properties of three specimens investigated are shown in Table 1 . The information obtained by electron holography is compared with that by Lorentz microscopy. For both observations, the objective lens is switched off to reduce the magnetic field at the specimen position. Figure 3 (a) shows a Lorentz microscope image of an as-quenched specimen. The Lorentz microscope image observed with the Fresnel mode shows magnetic domain boundaries as white and black bands such as indicated by W1 and W2. An electron hologram of the same area as (a) is shown in Fig.  3 (b) . Due to the strong magnetic field of this material, the interference fringes curve from place to place. The inset of Fig. 3 (b) shows a digital diffractogram obtained from the electron hologram. The bright regions in the upper part circled and lower part of the inset correspond to sidebands as noted in (4) . After selecting the scattering amplitude of the circled region and translating it to the origin of the reciprocal space, the inverse Fourier transform is carried out to get a reconstructed phase image. In the reconstructed phase image represented by cos ðx; yÞ in Fig. 3 (c) , the density and the direction (arrows) of the white lines indicate the density and the direction of the lines of magnetic flux, respectively. In the reconstructed phase image, smooth closure domains are clearly seen through the lines of magnetic flux. It is noted that the lines of magnetic flux are parallel to the specimen edges, thereby eliminating the surface magnetic charge. Also, the domain walls observed in Fig. 3 (a) just correspond to the boundaries in Fig. 3 (c) where the directions of the magnetic lines of force change at about 90
. It is noted that the specimen thickness gradually increases from the edge to the middle of the specimen, and the spacing between the lines of magnetic flux becomes shorter with the increase of specimen thickness. Electron Holography of Nanocrystalline Magnetic Materials
In Fig. 4 (a) of the specimen annealed at 823 K, the lines of magnetic flux curve gradually forming rather circular magnetic domains, being different from that of Fig. 3 (c) where the lines of magnetic flux take a rather straight-line shape. It is also noted that some of the lines of magnetic flux do not close and there is some leakage of the lines of magnetic flux outside the specimen being seen especially at the bottom of the figure. The leakage of the lines of magnetic flux is considered to result from the residual magnetic field of the objective lens. Since the external magnetic field is the same and the thickness and morphology of the specimens are considered to be similar in the present study, the leakage of the lines of magnetic flux in the specimen annealed at 823 K is considered to result from its higher permeability than that of the as-quenched specimen. On the other hand, in Fig. 4 (b) of the specimen annealed at 973 K, sharp differences from Figs. 3 (c) and 4 (a) are noted. The size of magnetic domains becomes smaller, and the lines of magnetic flux deviate significantly from the smooth line shape. As reported previously, 15) by annealing at high temperature, in addition to the crystalline phase of bcc Fe containing a small amount of Si and B, various Fe-B compounds form and the size of these grains increases gradually with the increase of annealing temperature. Thus, the irregularity in the shape of the lines of magnetic flux is considered to result from the inhomogeneous magnetization distribution due to the bcc Fe and the Fe-B compounds.
As reported in the previous paper, 16) a part of the residual magnetic field (H == ) can be introduced in the specimen film plane by tilting the specimen (see Fig. 5 ). In Fig. 6 , the reconstructed phase images of the specimen annealed at 823 K are shown. It is seen that the magnetic domain of the specimen annealed at 823 K, which shows the best property in these specimens as a soft magnetic material with a low coercivity and a high permeability, is the most sensitive to the magnetic field as seen in Fig. 6 . On the other hand, in Figs. 7(a) and (b), it is interesting to note that the shape of the closure domain of the specimen quenched starts to change at the magnetic field of 8.3 A/m (tilt: 3 ) which well corresponds to the coercivity of the bulk specimen of 6.9 A/m. In the case of the specimen annealed at 973 K (Figs. 7(c) and (d)), the lines of magnetic flux do not change so much for the tilt. The difference directly indicates the strong pinning of magnetic domain walls due to the precipitates, resulting in the drastic increase of the coercivity and the decrease of the permeability.
Analysis of Nano-Granular Films Co-Zr-O
The magnetic and electric properties of three specimens investigated are in Table 2 . Figures 8(a), (b) and (c) are bright-field images and the corresponding electron diffraction patterns of Co 71:5 Zr 9:2 O 19:3 , Co 59:9 Zr 10:3 O 29:8 and Co 52:9 Zr 12:0 O 35:1 , respectively. All the Debye-Scherrer rings in diffraction patterns can be indexed by hexagonal structure of Co whose space group is P6 3 =mmc. Thus it is considered that the crystals in these films are basically Co and there are no crystalline oxides. It can be deduced that the crystals with dark contrast in the images are Co grains. The grain size distributions of Co nano-crystals in three specimens evaluated from high-resolution images 17) are shown in Fig. 10(c) . In order to investigate the detailed magnetic domain structure, holograms were taken from these specimens. Fig. 10(b) . On the other hand, the orientation of the magnetization changes gradually in Co 71:5 Zr 9:2 O 19:3 and this results in the faint image contrast observed at magnetic domain boundaries in Fig. 10(a) . The difference of magnetization distribution observed by electron holography is quite consistent with the difference of magnetic anisotropy fields (H k ) of these two specimens in Table 2 .
The reconstructed phase images of Co 52:9 Zr 12:0 O 35:1 with phase amplifications of one and four times are presented in Figs. 12(a) and (b) , whose areas correspond to the rectangle of Fig. 10(c) . There is a region with rather high density of lines of magnetic flux as indicated by the arrow, which corresponds to the reticulate domain walls observed by Lorentz microscopy. As seen in Fig. 12(b) , it is interesting to 
Analysis of Nanocomposite Magnets Nd-Fe-B
Here, two kinds of Nd-Fe-B composite magnets, which were produced via a crystallization process from amorphous alloys, were investigated. 11) One of them was annealed at 973 K and the nominal composition was Nd 4:5 Fe 77 B 18:5 . The other magnet was annealed at 893 K and the nominal composition was Nd 4:5 Fe 74 B 18:5 Cr 3 . The former has a relatively large remanence, while the latter containing a small amount of Cr has a large coercivity as shown in Table 3 . Fig.  15 (a) . In the enlarged image of the closed area ( Fig. 16 (a) ), the soft (S) and hard (no symbol) phases are specified through energy dispersive X-ray spectroscopy (EDS), where the Nd-L lines are the signal from the hard phase (Fig. 16 (b) ). It is seen that the lines of magnetic flux pass through many grains of both the soft and hard phases, and the lines orient in almost the same directions due to the exchange coupling. In contrast, in Fig. 15 (b 
Concluding Remarks
It is shown that by utilizing the special objective lens, the magnetic flux distribution of the Nd-Fe-B nanocomposite magnets in nanometer scale can be visualized quantitatively by electron holography. On the other hand, when the objective lens is switched off, the magnetic field can be reduced to less than 160 A/m, the change of magnetic domain structures of soft magnetic materials Fe-Cu-Nb-Si-B and Co-Zr-O due to the heat treatment and composition can be analyzed, respectively. Furthermore, by introducing the weak magnetic field in the thin film plane with a tilt of the specimen, the magnetization process of the soft magnetic materials Fe-Cu-Nb-Si-B can be observed. It is also noted that in situ observation of magnetic domain structure with the change of temperature can be carried out by electron holography utilizing a heating holder or a cooling holder. Actually, the disappearance of the magnetic ripple structure in a nanocrystalline soft magnetic material Fe 84 Nb 7 B 9 has recently been clarified with the decrease of temperature.
18) The ripple structure caused by the difference of magnetizations in the amorphous phase and the Fe nanocrystalline phase is considered to attribute to the large coercivity of this material. Furthermore, detailed phase transformation processes of a perovskite-type manganese oxide (La,Sr)MnO 3 , i.e., from ferromagnetic phase to paramagnetic phase 19) and also from antiferromagnetic phase to ferromagnetic phase 20) have recently been clarified in detail. These results clearly demonstrate the usefulness of electron holography on the domain structure of advanced magnetic materials. It is expected that by combining highresolution electron microscopy and analytical electron microscopy, electron holography can be applied widely to the analysis of advanced magnetic materials at a nanometer scale for understanding their magnetic properties in detail.
